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Abstract 

We show that in 3-3-1 models there exist a natural relation among the SU{3)l 
coupling constant g, the electroweak mixing angle Ow, the mass of the W, and one 
of the vacuum expectation values, which implies that those models can be realized 
at low energy scales and, in particular, even at the electroweak scale. So that, being 
that symmetries realized in Nature, new physics may be really just around the 
corner. 
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Introduction. — Many of the extension of the Standard Model (SM) implies 
the existence of at least one extra neutral vector boson, say Z', which should 
have a mass of the order of few TeV in order to be consistent with present 
phenomenology. This is the case, for instance, in left-right models [1], any 
grand unified theories with symmetries larger than SU{5) as 5*0(10) and 
Eq [2], little Higgs scenarios [3], and models with extra dimensions [4]. This 
makes the search for extra neutral gauge bosons one of the main goals of 
the next collider experiments [5]. Usually, the interactions involving Z' are 
parametrized [besides the pure kinetic term] as [6,7] 



jrNCiz') ^ + MlZ'Z'^' -f SM^Z'Z^' 

-l^T.i^^rUv-rAl')i^^Z',. (1) 

where Z, which is the would be neutral vector boson of the SM, and Z' 
are not yet mass eigenstates, having a mixing defined by the angle tan 20 = 
SM"^ /[M^f — M|); cw = cos 6w [and for future use sw = sin 9w] - If Zi and Z2 
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denote the mass eigenstates, then in most of the models ^ Mz^ ~ Mz- 
In this situation the vector and axial- vector couplings, gy^^ and g^^^\ re- 
spectively, of the SM Z boson with the known fermions are modified at tree 
level as follows: 

= gf'^c^ + Pvs^, 9\ = gf'^c^ + (2) 



where ^^^^^^Tj - 2QiS^y^ and g"f^^ - Tj, being Tl - ±1/2 and Qi the 
electric charge of the fermion we have used the notation c^{s^^o% 0(sin 0). 
The coefficients /{/^ in Eq. (2) are not in general the same for all particles 
of the same electric charge, thus, Z' induces flavor changing neutral currents 
(FCNC) which imply strong constraints coming from experimental data such 
as i^Mn and other [A^*! = 2 processes. These constraints imply a small value 
for the mixing angle or, similarly, a large value to the energy scale, generically 
denoted by A, related with the larger symmetry. If = is imposed such 
constraints could be avoided, however in most of the models with Z' this 
usually implies a fine tuning among UiV) charges and vacuum expectation 
values, that is far from being natural [8] . 

Here we will show that there are models in which, at the tree level, it is possible 
that: i) there is no mixing between Z and Z', and the latter boson may have 
a mass even below the TeV scale; ii) po = 1 since Mz^ = Mz, and iii) the 
couplings of Zi with fermions, gy^A^ being exactly those of the SM, gv^A ^\ no 
matter how large is A. This is implied not by a fine tuning but by a condition 
which can be verified experimentally involving the parameters of the model, 
g, Mw, sw and one vacuum expectation value (VEV). 

The model. — The so called 3-3-1 models are interesting extensions of the 
standard model [9,10,11] in which it is possible to explain the number of 
generations and they arc also very predictive concerning new theoretical ideas 
as extra dimensions [12] and the little Higgs mechanism [13]. Those models 
also include an extra neutral vector boson so that there is, in general, a mixing 
of Z, the vector boson of SU{2)l C SU{3)l, and Z' the gauge boson related 
to the SU (3) L symmetry. Working in the Z, Z' basis [the parameterization in 
Eq. (1) is also valid but in these models there is no mixing in the kinetic term 
i. e., sin,^ = 0] it means that the condition sin0 ^ 1 can be obtained if in 
this case the energy scale A = v^, with related to the SU{3)l symmetry, 
is above the TeV scale. Hence, it is usually believed that only approximately 
we can have that Zi Ri Z, even at the tree level. The same happens with 
the neutral current couplings, g'y^, which only approximately coincide with 

9v^A^^ ■ This is true since the corrections to the Z mass and gy^ in these 
models, assuming ^ vw ~ 246 GeV, are proportional to {vw/v^)"^ and 
for ^ oo we recover exactly the SM with all its degrees of freedom, with 
the heavier ones introduced by the SU{3)l symmetry decoupled. However, we 



2 



expect that should not be extremely large if new physics is predicted to 
show up in the near future experiments. In practice, measurements of the po 
parameter, and FCNC processes like AM^, should impose constraints upon 
the scale at which the SU (3) l symmetry arises. 

Let us consider, for instance, the model of Ref. [9] in which the electric charge 
operator is defined as Q = (t^ — VST^^ + X, where Tj are the usual SU{3) 
generators and X the charge assigned to the abelian factor U{l)x- Thus, 
the SM fermionic content is embedded in the extended group according to 
the multiplets transforming under SU{3)l <8) U{l)x as: for leptons, — 
(z/fl, l~, {l~)a)'L ~ (3,0), a = Cjfi.r [the superscript ^ means charge conjuga- 
tion operation]; and for quarks, QmL = {dm, Um,im)\ ~ (3*, —1/3); m = 1,2; 
QzL = (t^3, 4, J)l ~ (3,2/3), u^R ~ (1,2/3), d^R ~ (1,-1/3). « = 1,2,3, 
imR ~ (1) ~4/3), and Jr ~ (1, 5/3). Here jm and J are new quarks needed to 
complete the representations. To generate masses for all these fields through 
spontaneous symmetry breaking three triplets of Higgs scalars and a sextet 
are introduced; they are 77 = (77°, 77^, 1^2)'^ ~ (3,0), p — (p"*", p^, P"*"*")^ ~ 
(3, +1), X = (X", X", X°)^ - (3, -1) and 



\ 



-"2 



(6,0). 



(3) 



The VEVs in the neutral components of the scalar multiplets are defined as 
(77?) = vjV2, (p?) = Vp/V2, (x?) = vjV2 and {a^) = v^/V^. It is also 
possible to have ((T°) 7^ giving Majorana mass to the neutrinos, but we will 
not be concerned with this here. The VEV {xi) reduces the symmetry to the 
SM SU{2)l <S> U{1)y symmetry and the other VEVs further reduce it to the 
electromagnetic U{1)q factor. 

From the kinetic terms for the scalar fields, constructed with the covariant 
derivatives 



Vf,(p = d^ip - igW^ ■ T(f - ig^X^pB^, 

V^S = d^S - ig \{W^ ■ f)S + S^{W^ ■ ff] (4) 



where g^ denotes the U(l)x gauge coupling constant and ip = rj,p,x, we 
obtain the mass matrices for the vector bosons. Besides there are two 
other charged vector bosons, and U^^. The masses of these charged vector 
bosons are given exactly by = {g'^/4:) v^^, My = {g"^/^) (f^ + 2vl + v^) 
and MIj = {g^/4:) (v^ + 2Vg + v^), where we have defined v"^ — v^ + Vp + 2Vg 
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[in models where there are heavy leptons transforming non trivially under 
SU{3)l (S> U{1)x there is not the contribution of the sextet and the above 
equations are still valid simply doing Vg = [10]]. For the mass square matrix 
of the neutral vector bosons in this model we have the following form, after 
defining the dimensionless ratios Vp — Vp/v^, — '^wl'^x ^^"^ parameter 



9' 2 



-2tv 



77t2 \ 



3 ^ w 



V 



-2tvl 



+ 4) + 



(5) 



in the {W^, W^, Bp) basis. This matrix has a zero eigenvalue corresponding 
to the photon and two nonzero ones which are given by 



Ml 



Ml 



3t'(^^ + i) + i + < (i-i?), 



1) 



1 +17^ 
w 



(6) 
(7) 



with 



R 



1 - 



( 



(8) 



Pi and po parameters. — In order to analyze the condition which allows to 
identify Zi of the 3-3-1 model with the Z of the SM, let us introduce a di- 
mensionless pi— parameter defined at the tree level as pi = c^^Ml/My^. 
As we can see from Eqs. (6) and (7) both mass eigenvalues, Mz^ and M^j, 
have a complicate dependence on the VEVs but we observe from Eq. (6) that 
Pi ^ 1 (or, Mz^ < Mz) is a prediction of the model. Next, we can search for 
the conditions under which we have pi = po = Ij where po = C\vMz/M^/ is 
the respective parameter in the SM. This is equivalent to the condition that 
Mzi = Mz at the tree level. The equation pi = 1 has besides the solution 
^ oo, another less trivial one which can be obtained using Eq. (6) above: 



1 - 4s2 



The condition in Eq. (9) implies, using the definition of Vw given above also 
+ 2vl = [(1 + 2s^)/2c^] v'^. We recall that the U{l)x quantum number of 



4 



the 7] and S fields arc difi'crent from that of the p field, so there is no symmetry 
among the respective VEVs. We have verified that (9) is stable in the following 
sense: small deviations from it implies small d eviations from pi = 1. With 
= 0.2312 [7] we obtain Vp ^ 54 GeV and ^v^ + 2v^ ^ 240 GeV. Notice 
that Eq. (9) is independent of the scale. Hence, all consequences of it will 
be also independent of as claimed above in the Introduction. The fact that 
does not need to have a large value to be consistent with the present phe- 
nomenology is interesting in the models of Refs. [9,10] since these models have 
a Landau-like pole at the TeV scale [14]. 



If we substitute Eq. (9) in the Eqs. (6) and (7) we obtain = (g^/Ac^r) vz 



4 
Mz and 



„ oV (l-2s^)(4 + I;M + s4/(4-vM „ , , 



Thus, assuming that Eq. (9) is valid we shall not distinguish between Zi and Z 
and between Z2 and Z' unless stated explicitly. Moreover, the mass of Z' can 
be large even if is of the order of the electroweak scale. In fact, from Eq. (10) 
we see that for — 1 (the electroweak scale is equal to the 3-3-1 scale) we 
obtain Mz' — 3.77 M\y. Of course for lower values of v^^,, Z' is heavier, for 
instance for v^^ = 0.25 we have Mz' = 18.36Mw- We recall that since does 
not contribute to the W mass it is not constrained by the 246 GeV upper 
bound. Thus, independently if v"^ is larger, smaller or equal to 1, the charged 



vector boson V is heavier than U, being AM = ^ M^ - M^ = 75.96 GeV, 
when Vg — 0. 



Neutral current couplings. — We have also obtained the full analytical exact 
expressions for the neutral current couplings gy^j,^ and fv^^, and verified that 
they also depend on the VEVs in a complicated way. But when Eq. (9) is used 
in those expressions we obtain for the case of the known fermions gy^^ = gv^A^\ 
and fy^^ = fy^^i^w), i- 6., these couplings depend only on the electroweak 
mixing angle. For the lepton couplings with Z', also after using Eq. (9) in the 



general expressions, we obtain fv = /a = fv = ~fA = ~\/3(l "~ 4s^)/6 (~ 
—0.07). We see that the couplings for all leptons with Z' are leptophobic [15]. 
In particular, the couplings of Z to the exotic quarks jm and J are given by 
g^^ = (8/3)s^, g^ = -(10/3)s^ and g^^ = = 0. Notice also that the 
exotic quarks have pure vectorial couplings with Z. The couplings of Z' in the 
quark sector are given by: 



1 1-64- 1 1 + 24' 



fUm " II fUr, 
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^ 1 ^ a/i - 4sL 

i-ji.K^;'" 2v/3 ■ 



fjm _ 1 1 ~ 1 

~ AT / J A — 



,2 
W 



jj _ 1 1 ll-^VF /■./ ^ 1 /-|-|\ 

In literature [9,16] these couplings were considered as an approximation of the 
exact couphngs. Notice that, all these couplings refer to fermions which are 
still symmetry eigenstates, thus we see that in the leptonic sector there are not 
FCNCs neither with Z nor with Z' and, in the quark sector there are FCNC 
only coupled to Z' as can be see from Eq. (11). However, FCNC mediated by 
the Z' depend only on its mass, but these FCNC are not necessary large since 
there are also contributions in the scalar sector [see below] . 

The main feature introduced by the validity of the condition Eq. (9), which we 
would like to stress, is the fact that all couplings between the already known 
particles are exactly those of the SM, regardless the value of the v-^ scale. 
Hence, v-^ is not required to be large to recover those observed couplings [until 
now f — > oo was the usual approach to do that]. In this way, the 3-3-1 gauge 
symmetry could be realized, for instance, at the electroweak scale [v^ = vw) 
allowing the extra particles introduced by the SU{3)l to be light enough to 
not decouple and be discovered in the near future experiments. 

A Goldberg er-Treiman — like relation. — We can rewrite Eq. (9) as 



9 ^ = ^-^^ M^. (12) 
Cw 



This is like the Goldberger-Treiman relation [17] in the sense that its validity 
implies a larger symmetry of the model [see below] and all quantities appearing 
in it can be measured independently of each other. In fact, all but Vp., are 
already well known. However, cross sections of several processes, for instance 
e"'"e~ ZH where if is a neutral Higgs scalar transforming as doublet of 
SU (2), are sensitive to the vahic of (or Vp) [18]. So, in principle it is possible 
to verified if Eq. (9), or equivalently Eq. (12), is satisfied and if the 3-3-1 
symmetry can be implemented near the weak scale. 
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Custodial symmetries and the oblique T parameter. — We can understand the 
physical meaning of Eq. (9) in the following way. The 3-3-1 models have an 
approximate SU (2) custodial symmetry. This is broken by the mixing between 
Z and Z'. In general we have a mixture between these neutral bosons in such a 
way that the mass eigenstates Zi and Z2 can be written as [19] Zi — Zccf^ — Z'sci) 
and Z2 — Zstj, -\- Z'c^, and the condition in Eq. (9) is equivalent to put = 
i. e., no mixing at all between Z and Z' . There is also an approximate S'f/(3) 
custodial symmetry because when both (9) and sin 9w = ^ are used, we have 
Mu/Mz' — 1. However this symmetry is badly broken. We stress that the 
alternative approach used in literature [9,19,20] is that the condition sin0 << 
1 is obtained by assuming that vw- This is of course still a possibility 

if the relation (9) is not confirmed experimentally. However, we have shown 
above that it is possible that = even if = vw 

Of course, in any case radiative corrections will induce a mixing among Z and 
Z', i. e., a finite contribution to 0. This should imply small deviations from 
Pq = 1. The oblique T parameter constraints this deviations since ~ 1 — (^T 
and it is given, for the 3-3-1 models, in Ref. [21]. Using the expressions of 
Ref. [21] but without the mixing at the tree level (0 = in Eq. (4.1) of [21]), 
we obtain for example T = -0.1225 for ^l&ndT ^ -0.012 for = 0.25, 
with T ^ as {v^ 00), and all T values calculated with v^^, < 1 

are within the allowed interval [7]. This implies that the condition Eq. (9) is 
not significantly disturbed by radiative corrections. It means that the natural 
value of sin 0, arisen only through radiative corrections, is small because the 
symmetry of the model is augmented when this parameter vanishes. 

The important thing is that even if Eq. (9) or equivalently Eq. (12) are valid 
only approximately, we will have that again Mz^ ~ Mz and also the neutral 
current couplings of Zi only approximately coincide with those of the SM, but 
now this is valid almost independently of the value of v-^^. That is, the 3-3-1 
symmetry still can be implemented at an energy scale near the electroweak 
scale. 

Experimental constraints on the SU{3)l scale. — Once the v-^ scale is arbitrary 
when Eq. (9) is satisfied, we can ask ourselves what about the experimental 
limit upon the masses of the extra particles that appear in the model. Af- 
ter all they depend mainly on v^, the scale at which the SU{3)l symmetry 
is supposed to be valid. Firstly, let us consider the Z' vector boson. It con- 
tributes to the AMk at the tree level [22] . This parameter imposes constraints 
over the quantity {Oj^MiODzs {Mz/Mz'), which must be of the order of 10"^ 
to have compatibility with the measured AMk- This can be achieved with 
Mz' ~ 4 TeV if we assume that the mixing matrix have a Fritzsch-structure 
^Lij — \ff^yj^i [23] or, it is possible that the product of the mixing an- 
gles saturates the value 10~^ [22], in this case Z' can have a mass near the 
electroweak scale. More important is the fact that there are also in this model 
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FCNC mediated by the neutral Higgs scalar which contributes to AMi^. These 
contributions depend on the mixing matrix in the right-hand (i-quark sector, 
Ofi, and also on some Yukawa couplings, V^, i. e., the interactions are of the 
form dL{0'l)(i3Tf^{0ji)aSR. Thus, their contributions to AM^ may have op- 
posite sing relative to that of the contribution oi Z'. A reahstic calculation 
of the AMk in the context of 3-3-1 models has to take into account these 
extra contributions as well. Muonium-antimuonium transitions would imply 
a lower bound of 850 GeV on the masses of the doubly charged gauge bilep- 
tons, U [24]. However this bound depends on assumptions on the mixing 
matrix in the lepton charged currents coupled to U and also it does not 
take into account that there are in the model doubly charged scalar bileptons 
which also contribute to that transition [25]. Concerning these doubly charged 
scalars, the lower limit for their masses are only of the order of 100 GeV [26]. 
Prom fermion pair production at LEP and lepton flavor violating effects sug- 
gest a lower bound of 750 GeV for the mass Mu but again it depends on as- 
sumptions on the mixing matrix and on the assumption that those processes 
are induced only by the U boson [27]. Other phenomenological analysis in 
e~^e~ , 67 and 77 colliders assume bileptons with masses between 500 GeV and 
1 TeV [28,29]. The muonium fine structure only implies Mu/g > 215 GeV [30] 
but also ignores the contributions of the doubly charged scalars. Concerning 
the exotic quark masses there is no lower limit for them but if they are in the 
range of 200-600 GeV they may be discovered at the LHC [31]. Direct search 
for quarks with Q = (4/3)e imply that they are excluded if their mass is in 
the interval 50-140 GeV [32] but only if they are stable. Similarly, most of 
the searches for extra neutral gauge bosons are based on models that do not 
have the couplings with the known leptons and quarks as those of the 3-3-1 
model [6] , anyway we have seen that even if = Vw the Z' has a mass of the 
order of 300 GeV. Finally, rare processes like fi~ e^u^i''^, induced by the 
extra particles are also not much restrictive. We may conclude that there are 
not yet definitive experimental bounds on the masses of the extra degrees of 
freedom of the 3-3-1 models. 

Conclusions. — Summarizing, we have shown that if the condition in Eq. (9) is 
realized, concerning the already known particles, the 3-3-1 model and the SM 
are indistinguishable from each other at the tree level and, as suggested by the 
value of the T— parameter obtained above, it is possible that this happens even 
at the one loop level. The models can be confirmed or ruled out by searching 
directly for the effects of their new particles, for instance in left-right asym- 
metries in lepton-lepton scattering. An asymmetry of this sort only recently 
has begun to be measured in an electron-electron fixed target experiment [33] , 
but the effects of these asymmetries could be more evident in collider experi- 
ments [34,35]. From all we have discussed above, it is clear that new physics 
may be really just around the corner. 

We have also verified that in 3-3-1 models with heavy leptons [10] and with 
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right-handed neutrinos transforming non-trivially under the 3-3-1 gauge sym- 
metry [11] a similar situation occurs, but, in the later model, the equivalent 
of the relation in Eq (9) is given by = [(1 — 2s^)/2c^]Up^ [36]. Notwith- 
standing we have verified that the latter condition is less stable, in the sense 
we said before: small deviation of it implies large deviation from pi = 1. This 
suggests that, when both 3-3-1 models were embedding in a SU{4:)l ^U{1)n 
model [37], the SU{3) subgroup which contains the vector boson Z of the SM 
should be the minimal 3-3-1 model considered in this work. 
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